inhibitory response, respectively.
Cys-loop receptors play a central role in brain function, are implicated in a variety of neurological disorders, and are the targets of both endogenous and exogenous modulators (1) (2) (3) (4) (5) .
Early attempts at purifying and reconstituting the prototypic Cys-loop receptor, the Torpedo nicotinic acetylcholine receptor (nAChR) 5 , in lipid bilayers revealed the importance of lipids in Cys-loop receptor function (6) . In the presence of both cholesterol and anionic lipids, the nAChR is stabilized predominantly in an activatable resting conformation (7) (8) (9) (10) . In their absence, the nAChR adopts an "uncoupled" conformation, where agonist binding fails to elicit channel gating (11) . Understanding the mechanisms by which lipids influence the coupling of binding and gating remains central to understanding lipid-nAChR interactions. Uncoupled nAChRs may also have broader significance in that neuronal nAChRs that are functionally uncoupled have been observed in heterologous expression systems and may play a role in the physiological response to nicotine (see (12) ). Unfortunately, detailed insight into the mechanisms of lipid-dependent uncoupling remains elusive (11, 13) . A major bottleneck is the inability to reliably express large quantities of Cys-loop receptors with site-directed mutations designed to test potential models of lipid-nAChR interactions.
Several prokaryotic pentameric ligandgated ion channels (pLGICs) homologous to the eukaryotic Cys-loop receptors have recently been identified, and crystal structures of two of these, GLIC and ELIC, solved at high resolution (14) (15) (16) (17) .
Prokaryotic pLGICs provide an opportunity for probing the mechanisms of Cysloop receptor-lipid interactions at a molecular level owing to their high structural homology ( Fig. 1) , their ease of expression in bacterial systems, and their amenability to crystallographic analysis. While a recent study suggested that cholesterol depletion may influence GLIC gating kinetics (18) , the broader effects of lipids on prokaryotic pLGIC structure and function remain to be studied. In fact, a reliable protocol for reconstituting prokaryotic pLGICs in membranes at lipid to protein ratios that are amenable to spectroscopic studies, particularly in the context of probing the electrophysiologically silent uncoupled state, has yet to be developed.
Here, we compare the structural and biophysical properties of membranereconstituted GLIC to those of its highly lipidsensitive eukaryotic homolog, the Torpedo nAChR. These comparisons were performed in membranes that both support GLIC/nAChR function and those that promote formation of the uncoupled nAChR. Our results suggest that while the gating properties of GLIC are sensitive to its lipid environment, GLIC does not possess the exquisite lipid-sensitivity of its eukaryotic homolog. In particular, GLIC does not exhibit the same propensity to adopt an uncoupled conformation where agonist binding is uncoupled from channel gating.
Structural comparisons provide insight into the chemical features that may predispose Cys-loop receptors to the formation of an uncoupled state and lysed with an Avestin Emulsiflex-C5 homogenizer (Ottawa, Canada). Membrane fractions were solubilised in 1% DDM in Buffer A and the GLIC fusion protein bound to an amylose affinity resin. After treatment with plasminogen-free thrombin from Calbiochem (Gibbstown, NJ), GLIC was eluted in 0.02% DDM and further purified on Superpose 6 10/300 gel-filtration column (GE Healthcare; Little Chafont, UK). The highly purified GLIC was passed quickly through 1ml of amylose resin to remove small amounts of an endogenous amylose binding protein that co-elutes with GLIC from the size exclusion column.
Membrane reconstitution of GLIC. The purified GLIC in 0.02% DDM in buffer A was slowly diluted at least 1:4 with lipids solubilised in 0.625% cholate in Buffer A to give the desired final lipid-to-protein ratio, in this case 2:1 (w/w) (19, 20) . After gently mixing for ~30 minutes, the protein/detergent/lipid mixture was dialyzed five times at 4˚C against 2L of Buffer A leading to a turbid solution of proteoliposomes, which were harvested by ultracentrifugation at 100,000g for 2h. The pelleted membranes were re-suspended and layered onto a discontinuous sucrose-density gradient. After ultracentrifugation at 100,000g for 20h in a Beckman SW41 swinging bucket rotor, sequential 400uL aliquots were removed and assayed for both protein (BCA TM assay from Thermo-Pierce; Rockford, IL) and lipid (Phospholipid C/Choline assay from Wako Chemicals; Richmond, VA). Appropriate fractions were pooled and either dialyzed a further 5 times or subjected to several centrifugation resuspension cycles to remove sucrose.
Reconstituted nAChR membranes. nAChR purification and reconstitution was performed as described (11, 21) . The nAChR was solubilised from Torpedo electroplacques with 1% sodium cholate and purified on a bromoacetylcholine affinity column in the presence of lipid. Protein was eluted with 10 mM carbamylcholine (Carb) and then membrane reconstituted by dialysis.
Fourier transform infrared spectroscopy.
Hydrogen/deuterium infrared spectra (Fig. 2a) were recorded on a Digilab (now Agilent Technologies; Santa Clara, CA) FTS40 spectrometer using a Golden-Gate TM attenuated total internal reflection accessory (SpecAc; Oprington, Kent, U.K.). 10 μl of the membrane-reconstituted GLIC (~1 mg/ml) in 2mM phosphate buffer (pH 7.0) were dried down onto the accessory under a gentle stream of N 2 gas. After collecting a 64 scan spectrum at 4 cm -1 resolution, 10 μl of buffer A in 2 H 2 O was added and another 64 scan spectrum collected.
For the more detailed amide I band analyses (Fig. 2b) Spectra were analyzed using GRAMS/AI software (Thermo Scientific; Waltham, MA). Residual water vapor was subtracted using the method of Reid et al (22) . Resolution enhancement was performed between 1900 cm -1 and 1300 cm -1 using a γ = 7 and a Bessel smoothing function set to 70%. Thermal denaturation was measured as the change in intensity at 1681 cm -1 and was evaluated using Graphpad Prism (La Jolla, CA) (11) .
Electrophysiology. Electrophysiology was performed using a two electrode voltage clamp apparatus (OC-725C oocyte clamp; Holliston, MA) or as described elsewhere (23) . Except where noted, oocytes were injected with 100ng of membrane-reconstituted GLIC or nAChR, or 6.6ng of GLIC mRNA and allowed to incubate for 1-2 days at 16˚C in ND96+ buffer (5mM HEPES, 96mM NaCl, 2mM KCl, 1mM MgCl 2 , 1mM CaCl 2 , and 2mM Pyruvate). Injected oocytes were placed in a RC-1Z oocyte chamber (Harvard Apparatus; Hamden, CT) containing MES buffer (140mM NaCl, 2.8mM KCl, 2mM MgCl 2, and 10mM MES, pH7.0). Currents through the plasma membrane in response to pH jumps were measured with the transmembrane voltage clamped at between -20mV or -60mV.
The oocytes chamber was perfused with MES buffer at a rate of ~5mL/min. 
RESULTS
Membrane reconstitution of GLIC. GLIC was reconstituted into membranes at a lipid-to-protein ratio of 2:1 (wt:wt), as this ratio is ideal for spectroscopic studies, such as those used previously to characterize the uncoupled nAChR (see Discussion) (11) . To reconstitute into model membranes, DDM-solubilized GLIC (see Supplemental Information, Fig. S1 ) was diluted below the critical micellar concentration for DDM with a cholate-solubilized lipid solution, and the protein/detergent/lipid mixture dialyzed extensively to remove residual DDM and cholate. Sucrose density gradients showed that GLIC efficiently incorporates into model membranes. Neither residual DDM nor cholate could be detected in the reconstituted membranes using an infrared based assay for detergent (24). GLIC was initially reconstituted into membranes composed of either asolectin lipids (aso-GLIC) or E. coli polar lipid extracts (EcoLip-GLIC). These membranes were chosen because asolectin lipids (as well as defined membranes composed of PC/PA/Chol 3:1:1 (molar ratios)) stabilize the nAChR in a functional resting conformation and minimize GLIC aggregation (18) , while E. coli polar lipid extracts likely resemble GLIC's natural lipid environment. We expected both membranes to stabilize an activatable "resting" conformation.
Structure of membrane-reconstituted GLIC. Infrared spectra of both aso-GLIC and EcoLip-GLIC gently dried from 1 H 2 O buffer (to eliminate the intense overlapping vibrations of bulk water) exhibit two relatively intense protein bands, the amide I band between 1700 and 1600 cm -1 and the amide II band centered near 1547 cm -1 (Fig. 2a) . The amide I band is due primarily to peptide backbone C=O stretching and is sensitive to protein secondary structure. The amide II band, due primarily to peptide backbone C-N stretching coupled to N-1 H bending, is also sensitive to secondary structure, but is used primarily to monitor the exchange of peptide N-1 H to N-2 H. The amide II band shifts down in frequency from 1547 cm -1 to near 1450 cm -1 in 2 H 2 O -the downshifted vibration often referred to as the amide II' band.
The GLIC amide I contour observed in spectra dried from 1 H 2 O exhibits a peak maximum near 1655 cm -1 , due to the overlapping vibrations of α-helix and loop/random secondary structures, and a prominent broad shoulder between 1640 and 1625 cm -1 , due primarily to the vibrations of β-sheet. The amide I band shape is similar to that observed for functional membranereconstituted Torpedo nAChRs (Fig. S2) suggesting a similar mixed α-helix/β-sheet secondary structure. The slightly increased intensity between 1640 and 1620 cm -1 indicates a slightly higher β-sheet content in GLIC.
The mixed α-helix/β-sheet secondary structure of the reconstituted GLIC was confirmed by recording spectra in 2 H 2 O buffer, where there is no overlap of the solvent vibrations with the amide I band (Fig. 2b) . The resulting amide I contour still exhibits features at frequencies characteristic of both α-helix (1655 cm -1 ) and β-sheet (1640-1625 cm -1 ), as shown clearly by resolution enhancement. Curve fitting (Fig. S3) suggests roughly 35% α-helix and 40% β-sheet (Fig. S3) , estimates that compare well with the crystal structure (roughly 35% α-helices with >5 residues and 30% β-sheet).
The slight overestimate of β-sheet content could reflect difficulties precisely defining the start and end point of each β-strand in the crystal structure. In addition, spectra of the α-helical protein myoglobin (no β-sheet) exhibit weak intensity between 1640 and 1620 cm -1 demonstrating that some none β-sheet structures contribute weak amide I intensity to regions of the spectra typically assigned to β-sheet (25) .
Note that we recorded spectra both immediately after exposure to (Fig. 2a) (27) , but differ from those typically observed for proteins with different tertiary folds (26) .
The results emphasize the existence of a substantial population of solvent exposed secondary structures, consistent with the large solvent exposed extramembranous agonist-binding domain in GLIC (16, 17) .
One particularly notable feature of the GLIC spectra is that the relatively intense 1655 cm -1 amide I component band, which is due to the vibrations of protiated, and thus solvent shielded, α-helical and loop/random structures, is still observed in spectra recorded after prolonged exposure of GLIC to 2 H 2 O. This suggests the existence of a large population of exchange-resistant and likely transmembrane α-helices, as has been characterized for the nAChR (25, 28) . A large population of solvent shielded peptide hydrogens is also suggested by the residual amide II band intensity (Fig. 2b) . The proportion of exchange-resistant peptide hydrogens in both aso-GLIC and EcoLip-GLIC is slightly higher than in aso-nAChR, although aso-GLIC exchanges to a greater extent than EcoLip-GLIC (see Discussion). The proportion of exchange resistant peptide hydrogens in asonAChR was estimated to be ~40%, sufficient to account for the peptide hydrogens located in the transmembrane domain (11, 29) . The greater proportion of exchange resistant peptide hydrogens in GLIC is likely due to the lack of an intracellular domain -the exchange-resistant transmembrane domain of GLIC makes up a greater proportion of the total protein structure (Fig. 1) .
The one notable difference between the deconvolved amide I contours of GLIC and the nAChR is the existence in the latter of a more intense band centered near 1645 cm -1 due to downshifted and thus peptide N-1 H to N-2 H exchanged α-helical and loop/random structures. This band appears immediately after exposure of the nAChR to 2 H 2 O suggesting that the affected structures are solvent exposed (28) . Solvent exposed α-helical and loop/random structures exist in the intracellular domain of the nAChR. The lack of a similarly intense band centered near 1645 cm -1 in the GLIC spectra is consistent with the absence of an intracellular domain in GLIC.
Finally, the thermal stabilities of both aso-GLIC and EcoLip-GLIC were examined by recording infrared spectra as a function of temperature.
In both cases, increasing temperature led to changes in amide I band shape characteristic of protein denaturation (Fig.  S4) , confirming that the reconstituted GLIC adopts a folded structure. It is noteworthy that the previously "exchange-resistant-peptide hydrogens" in the transmembrane domain of GLIC undergoes complete N-1 H to N-2 H exchange concomitant with unfolding. This behavior is similar to that observed for the nAChR, but differs from that of proteins, such as LacY, which undergoes complete N-1 H to N-2 H exchange at elevated temperatures, but prior to unfolding (20) . The latter property of LacY has been attributed to a temperature induced increase in the conformational dynamics of the transmembrane domain, whereas as the transmembrane domain of GLIC may be conformationally "static" in the absence of bound agonist. The transmembrane domain of GLIC is also not expected to undergo such large conformationally transitions (16, 17, 30) . Both aso-GLIC and EcoLip-GLIC have higher thermal stabilities of 68.8±1.5 and 73.7±1.4 o C, respectively, than that of the nAChR ~55 o C (Fig. 3 , Table 1 ). The higher thermal stability of GLIC is consistent with its enhanced suitability for crystallization (31) .
Gating properties of the membranereconstituted GLIC. Although reconstituted membranes at a lipid-to-protein ratio of 2:1 (wt:wt) are ideal for spectroscopic studies, they are not useful for direct measurements of channel activity using electrophysiological approaches. Instead, we indirectly probed the activity of membrane-reconstituted GLIC by injecting the reconstituted GLIC membranes into Xenopus laevis oocytes and then monitoring the appearance of proton activated currents across the oocyte plasma membranes using a two electrode voltage clamp apparatus (23, 32) .
The feasibility of the oocyte injection approach for examining the activity of membrane reconstituted pLGICs was first tested using reconstituted nAChR membranes of defined function. Carb-induced currents that decay slowly due to desensitization are observed in oocytes injected with either aso-nAChR or phosphatidyl choline/phosphatidic acid/cholesterol-nAChR (PC/PA/Chol-nAChR) showing that the functional reconstituted nAChR membranes fuse with the oocyte plasma membrane leading to the appearance of functional nAChRs on the oocyte surface Fig. 4 ). The lack of activity of the plasma membrane incorporated PC-nAChR (~40-fold reduction in normalized current levels compared to the injected PC/PA/Chol-nAChRs) has several possible explanations. First, the lack of activity could reflect clustering of the reconstituted membranes within the oocyte plasma membrane and thus the nAChR retaining its "reconstituted membrane" lipid environment.
Such clustering of the nAChR on the oocyte surface has been suggested from previous studies of oocytes injected with reconstituted nAChR membranes (32) . PC-nAChR may also be locked in an uncoupled conformation because the oocyte plasma membrane lipids do not promote transitions from uncoupled to coupled conformations. Recent studies suggest that the uncoupled nAChR in long chain PC membranes can undergo ligand-induced transitions to coupled conformations (data not shown). Finally, it is possible that detergent solubilization leads to irreversible effects on nAChR structure and function. The latter seems unlikely, however, given that detergent solubilization has no deleterious effects on the nAChR reconstituted into other membranes. In addition, no detectable effects of detergent solubilization and PC reconstitution are observed on nAChR secondary structure. Regardless, these control experiments confirm that the injection of reconstituted nAChR membranes into oocytes can, in principle, be used to indirectly assess the gating activity of reconstituted nAChRs.
We next characterized the response of uninjected, mock injected (membranes alone), and GLIC mRNA injected oocytes to jumps in proton concentration. Both uninjected and mock injected oocytes exhibit weak proton-activated currents due to endogenous acid-sensitive channels (Fig. 5 ). These currents, however, show a roughly linear response to proton concentration at pH values down to 3.5, are insensitive to the GLIC pore-blocker, amantadine, and had maximal currents of 0.069±0.016 µA (n=4) and 0.063±0.021 µA (n=6), respectively, at the maximal utilized proton concentration (pH 3.5). In contrast, oocytes injected with GLIC RNA exhibit robust proton-activated cationic currents ( Fig. S4) with relatively large maximal currents typically close to 4 μamps. A plot of whole cell currents versus proton concentration for the latter yielded a pH 50 for activation of 4.82±0.04 (Fig. 4b) , consistent with that observed previously for oocyteexpressed GLIC (14) . These proton activated currents are sensitive to the pore blocker, amantadine. 150 μM amantadine blocked close to ~50% of the pH activated currents.
Oocytes injected with either aso-GLIC or EcoLip-GLIC both exhibit currents that respond to proton concentration in a dosedependent manner. The maximal responses at pH 3.5 of 0.181±0.008 µA (n=5) and 0.157±0.014 µA (n=5), respectively, are roughly 3-fold larger than the responses observed in mock or uninjected oocytes, yet consistent in magnitude to the Carb-induced currents observed in aso-nAChR injected oocytes. Of particular significance, these proton-induced currents were sensitive to the GLIC channel blocker, amantadine, while the endogenous acid sensitive channels in oocytes are not. These data suggest that the reconstituted GLIC in both membranes retains the ability to gate open in response to proton binding. Interestingly, the proton concentration dependence of GLIC activation is right-shifted relative to the dose response observed with mRNA-injected oocytes, suggesting weaker proton sensitivity. A weaker proton sensitivity has also been observed for GLIC reconstituted into giant unilamellar asolectin liposomes at the high lipid-to-protein ratios required for electrophysiological studies (18) . The right shifted does response supports the possibility that GLIC also clusters within the oocytes plasma membrane thus maintaining its reconstituted lipid environment. The shifted does response suggests that the gating activity of GLIC is sensitive to its membrane environment.
Effects of an uncoupling lipid environment on GLIC structure and function. We next compared the structural and functional properties of aso-GLIC and EcoLip-GLIC to that of GLIC reconstituted into PC membranes (PC-GLIC). The minimal PC environment is of interest because it stabilizes the nAChR in an uncoupled conformation that binds agonist, but does not undergo agonist-induced conformational transitions. A key goal of this work was to ascertain whether GLIC exhibits the same propensity to uncouple as the nAChR in a PC bilayer.
The uncoupled PC-nAChR exhibits biophysical properties that distinguish it from the predominantly resting state aso-nAChR ( Figs  2 and 3) . The secondary structure sensitive amid I contour in spectra recorded from PC-nAChR are similar to that of aso-nAChR, but deconvolution reveals a downshift in amide I component band intensity from 1655 cm -1 to near 1645 cm -1 . This change in amide I band shape occurs as a result of enhanced levels of peptide N-1 H/N-2 H exchange in the uncoupled state, as opposed to a change in the global secondary structure. The enhanced peptide N-1 H/N-2 H exchange is shown by the reduced residual amide II band intensity in spectra recorded from PC-nAChR versus aso-nAChR. The absence of a change in secondary structure is shown by comparing the amide I bands of PCnAChR and aso-nAChR at equivalent levels of peptide N-1 H/N-2 H exchange (but different exposure times to 2 H 2 O). In the latter case, no significant differences in amide I contour were observed (33) .
A more detailed analysis of the peptide N-1 H/N-2 H exchange kinetics of uncoupled versus resting or desensitized nAChRs shows that regions of the polypeptide backbone that are buried from solvent in the resting conformation become exposed to solvent in the uncoupled state (11) . The uncoupled PC-nAChR also undergoes thermal denaturation at temperatures slightly lower than aso-nAChR, and the cooperativity of denaturation is reduced (11) . These altered biophysical properties of PCnAChR have been attributed to weakened interactions leading to an increased physical separation between the agonist-binding and transmembrane domains (11) . Weakened interactions could account for the increased solvent exposure, the reduced cooperativity of unfolding, and the lack of coupling of binding and gating (Fig. S6) .
Significantly, we detect little if any structural or biophysical difference between PC-GLIC and either aso-GLIC or EcoLip-GLIC (Figs. 2 and 3) . The amide I band shapes of GLIC in all three membranes are similar suggesting a similar global secondary structure (see, however, below). There is no further shift in amide I component band intensity from 1655 cm -1 down to near 1645 cm -1 after prolonged exposure of PC-GLIC to 2 H 2 O. There are no changes in the levels of peptide N-1 H/N-2 H exchange, as shown by the similar residual amide II band intensities, although both aso-GLIC and PC-GLIC are more exchanged than EcoLip-GLIC.
The thermal denaturation temperature of PC-GLIC is also similar to that of both aso-GLIC and EcoLip-GLIC and there are no changes in the cooperativity of unfolding (Table 1) .
In fact, the only substantial difference observed between spectra recorded from PC-GLIC and either aso-GLIC or EcoLip-GLIC is a slight broadening of the amide I contour, noticeable near 1630 cm -1 . The degree of this subtle broadening, however, varied between PC-GLIC purifications and reconstitutions. Although the structural basis of this spectral effect remains to be determined, it could reflect variations in GLIC aggregation within the membrane. Previous studies have suggested that the monodispersity of the pentameric GLIC within the membrane is lipid sensitive (18) . Monodispersity was found to be ideal in asolectin bilayers. GLIC may tend to aggregate more in PC than in other lipid environments leading to broadening of the amide I band. Regardless, our structural data suggest that GLIC does not adopt an uncoupled conformation in PC membranes similar to that adopted by PCnAChR.
Finally, we indirectly assessed whether PC-GLIC exhibits the ability to gate open in response to proton binding (Fig. 4) . As noted, very weak or negligible Carb-induced current are observed in oocytes injected with PCnAChR even though PC-nAChR fuses with the oocyte plasma membrane. In contrast, oocytes injected with PC-GLIC exhibit currents that both respond to protons in a dose-dependent manner and that are sensitive to amantadine block. The maximal currents obtained upon injection of PC-GLIC are substantially higher than those in mock or uninjected oocytes, and are indistinguishable from those observed in oocytes injected with either aso-GLIC or EcoLip-GLIC. The pH activated currents are also sensitive to amantadine.
The electrophysiological recordings suggest that GLIC does not adopt a conformation in PC membranes similar to the uncoupled conformation adopted by the nAChR. Even the minimal PC membrane environment appears sufficient to stabilize GLIC in a conformation that gates open in response to agonist binding.
DISCUSSION
The underlying mechanisms by which lipids modulate nAChR function have been the subject of continuous debate for over 30 years (6) . There has long been a consensus that both cholesterol and anionic lipids are required in a reconstituted membrane to obtain optimal nAChR function (7-10,34-36). It has also been suggested that both lipids influence nAChR function by an allosteric mechanism, whereby lipids alter the functional response to acetylcholine by stabilizing differing proportions of pre-existing resting (activatable) versus desensitized or uncoupled (inactivatable) conformations (7, 29) . The mechanisms by which these lipids influence function, however, are not clear. It has been suggested that some act by binding to interstitial sites between different α-helices in the transmembrane domain (13, 37) . Lipids may also interact directly with the lipid-protein interface (11, (37) (38) (39) . While the consensus is that lipid chemistry and thus specific lipid sites are likely important, both molecular details and direct experimental evidence for any mechanism of lipid action has yet to be obtained. The lack of mechanistic insight reflects both the complexity of lipidnAChR interactions and the inability to express site directed mutants of the nAChR, which can be used to test proposed mechanisms of lipidprotein interactions.
Prokaryotic pLGICs provide a new opportunity for probing the molecular details of pLGIC-lipid interactions (14, 40) . The prokaryotic pLGIC, GLIC, adopts a similar tertiary fold to that of the nAChR. Both GLIC and the nAChR are cation-selective ion channels, although GLIC is gated by protons while the nAChR is gated by acetylcholine. The structural similarities of GLIC and the nAChR, as well as the added advantage that GLIC can be expressed in sufficient studies for biophysical and crystallographic studies has led the increasing use of GLIC as a model for probing pLGIC structure (15) (16) (17) , basic mechanisms of pLGIC activation (15-17), pLGIC-drug interactions (41, 42) , etc. The ability to express large quantities of site-directed mutants finally opens the door for detailed mechanistic studies lipid-GLIC interactions. Such studies, however, first require a detailed characterization of the effects of lipids on GLIC structure and function.
We report here a simple protocol for reconstituting the prokaryotic pLGIC, GLIC, into defined lipid membranes. Our protocol differs from the standard vesicle detergentdestabilization approach typically used to form high lipid-to-protein ratio membranes for electro-physiological studies (18) . One advantage of our approach is the high efficiency at TTU-HEALTH SCIENCES CTR, on March 5, 2013 www.jbc.org Downloaded from incorporation of GLIC into the model membranes (Fig. S1) .
It is thus easy to accurately adjust the lipid-to-protein ratio of the reconstituted membranes.
In addition, this protocol can be used to form relatively low lipidto-protein ratio proteoliposomes.
Our goal was to reconstitute GLIC into membranes at lipid-to-protein ratios of roughly 2:1 (wt:wt) as the resulting vesicles are ideal for structural studies, such as those used previously to characterize the uncoupled nAChR. These low lipid-to-protein ratio vesicles can be easily separated from both protein-free vesicles and low lipid-protein ratio protein aggregates (see Fig. S1 ). They are ideal for spectroscopic studies because the scattering of light from the membrane vesicles (per mol of reconstituted protein) is minimized and the spectral overlap between signals from lipid and protein is less of an issue. The higher density low lipid-to-protein ratio proteoliposomes are easier to pellet (particularly in higher density 2 H 2 O buffers) and thus exchange into 2 H 2 0. Low lipid-to-protein ratio vesicles are also ideal for structural studies using infrared difference spectroscopy, a technique that detects residue-specific changes in structure of the nAChR upon agonist-binding (27, 43, 44) . Application of this approach to prokaryotic pLGICs would be particularly informative given the ability to express mutants and thus assign detected vibrational changes to specific amino acid side chains.
Membrane-reconstituted GLIC and the nAChR exhibit similar structural and biophysical properties. Both proteins exhibit a mixed α-helix/β-sheet secondary structure with both a substantial proportion of the polypeptide backbone exposed to aqueous solvent and a large proportion of α-helical peptides shielded from solvent and likely found in the transmembrane channel pore domain. GLIC exhibits a higher β-sheet content than the nAChR, as expected given that the predominantly β-sheet agonist binding domain in GLIC makes up a larger proportion of the total protein structure (see below).
The membrane reconstituted GLIC also undergoes thermal denaturation, albeit at higher temperatures than the nAChR. These observations show that the reconstituted GLIC maintains the expected structural fold. On the other hand, infrared spectroscopy detects a relatively intense vibration near 1645 cm -1 in spectra of the nAChR due to solvent exposed α-helix and/or loop/random secondary structures. This vibration could reflect primarily the solvent exposed α-helix and loop/random secondary structures found in the intracellular domain of the nAChR (Fig. 1) . The lack of similar intensity in this region in spectra of GLIC is consistent with the lack of an intracellular domain in the GLIC crystal structure.
We used an indirect electrophysiological approach to probe the ability of the reconstituted GLIC to gate open in response to agonist binding. Injection of membrane-reconstituted GLIC into oocytes led to the appearance of proton activated currents across the oocyte plasma membrane.
The oocyte membrane incorporated GLIC responds in a dosedependent manner to protons and the resulting currents were blocked by the GLIC channel blocker, amantadine. Both our structural and electrophysiological studies thus suggest that the reconstituted GLIC adopts a native structure that gates open in response to agonist binding.
A major goal of this work was to compare the lipid sensitivies of both GLIC and the nAChR. In particular, the nAChR in complex natural lipid membranes, such as those composed of either soybean asolectin lipids or mixtures of defined lipids (PC plus cholesterol and anionic lipids), adopts an activatable resting conformation. In contrast, the nAChR in PC membranes lacking the two "activating lipids" adopts an uncoupled conformation that binds agonist with a resting-state like affinity, but does not typically undergo agonist-induced conformational transitions. We are interested in the uncoupled nAChR because of increasing anecdotal evidence hinting that functionally uncoupled nAChRs may play a role in nicotinic receptor physiology (12) . A main goal of this work was to assess whether GLIC exhibits propensity similar to that of the nAChR to adopt an uncoupled conformation in PC bilayers.
Although our data show that GLIC activity is sensitive to lipids (see below), PC-GLIC does not exhibit the structural or functional characteristic of the uncoupled conformation adopted by PC-nAChR. PC-GLIC does not exhibit the substantial increase in solvent accessibility of polypeptide backbone hydrogens, which has been attributed to weakened interactions between the agonistbinding and transmembrane domains. PC-GLIC does not exhibit the reduced cooperativity of thermal denaturation that is observed for PCnAChR. Finally, unlike PC-nAChR which remains inactive even after fusion with oocyte plasma membranes, fusion of PC-GLIC leads to an active conformation.
Although further studies are required to fully characterize the functional properties of GLIC in different membranes, it appears that PC-GLIC is not locked in an uncoupled conformation that is unresponsive to agonist binding.
The finding that GLIC does not exhibit the same propensity as the nAChR to adopt an uncoupled conformation can be interpreted in light of our working model of uncoupling. This model proposes that lipids influence the coupling of binding and gating via the M4 transmembrane α-helices (one per subunit) (11) , which are exposed to the surrounding lipid bilayer and thus ideally situated to sense membrane physical and/or chemical properties ( Fig. 1)(45) . Each M4 α-helix extends beyond the bilayer to interact directly with the Cys-loop, a key structure at the interface between the agonist binding (ABD) and transmembrane (TMD) domains.
By influencing the conformation of the M4 "lipid-sensor", lipids may modulate interactions between M4 and the Cys-loop (Fig. S6 (11) ). Weakened M4/Cysloop interactions could lead to a Cys-loop conformational change that ultimately reduces contact between the agonist binding and the transmembrane domains, and leads to the uncoupled state.
A dynamic equilibrium may exist between coupled and uncoupled conformations where M4 is bound tightly or tilted away from the Cys-loop, respectively (46, 47) . In fact, an equilibrium between M4 solvated by lipid and M4 bound tightly to the other transmembrane α-helices, M1+M3, has been demonstrated for the homologous Glycine receptor (48) . Significantly, aromatic-aromatic interactions play a key role driving associations between M4 and M1+M3 thus stabilizing a folded structure. In the context of the M4 lipid-sensor model, aromatic-aromatic interactions could play a key role dictating the propensity of M4 to bind tightly to M1+M3 and to thus form a coupled conformation. Aromatic-aromatic interactions could play a role dictating the propensity of a pLGIC to adopt an uncoupled conformation in PC membranes.
In light of this hypothesis, we compared the aromatic-aromatic interactions that exist between M4 and M1+M3 in GLIC versus the nAChR (Fig. 5) . Consistent with the above hypothesis, GLIC exhibits a plethora of aromatic-aromatic interactions between M4 and M1+M3, with clusters located in both the cytoplasmic and extracellular leaflets of the lipid bilayer. These aromatics could lead to a highly stable transmembrane domain that is resistant to the formation of an uncoupled conformation. In contrast, while the nAChR exhibits aromatic residues at the interface between M4 and M1+M3, there appear to be few if any direct interactions that could stabilize the nAChR in a coupled conformation where M4 binds tightly to M1+M3, although the lower resolution of the nAChR structure makes this interpretation less definitive. Although other features likely play important roles, the paucity of aromatic-aromatic interactions between M4 and M1+M3 in the nAChR may contribute to weaker M4/M1+M3 interactions and thus to the high propensity of this receptor to adopt an uncoupled conformation. The lack of aromatic-aromatic interactions may also contribute to the lower thermal stability of the nAChR relative to GLIC. Future studies should lead to definitive insight into the molecular basis of lipid sensitivity in pLGICs.
Finally, it is notable that although GLIC does not exhibit the same propensity to uncouple as the nAChR, it still appears to be sensitive to its membrane environment. The dose response of membrane reconstituted GLIC incorporated into oocyte membranes is shifted to higher proton concentrations suggesting a weaker ability of protons to gate open the channel pLGIC. A lower pH 50 has also been observed in electrophysiology studies of GLIC reconstituted into asolectin membranes at high lipid-protein ratios. In fact, lipid effects may account for the altered pH 50 s observed for GLIC in different heterologous expression systems (49, 50) . Note that altered sensitivity to protons could reflect altered proton binding and/or altered coupling of binding to gating. Lipids may still influence the coupling of binding and gating in GLIC, albeit to a lessor extent than with the nAChR.
In addition, we detect both an increased thermal stability and a reduced level of peptide backbone N-1 H/N-2 H exchange after prolonged exposure to 2 H 2 O of EcoLip-GLIC relative to both aso-GLIC and PC-GLIC. Both suggest a slightly more rigid structure in the membranes formed from E. coli polar lipid extracts. A more detailed characterization of the effects of membranes on GLIC structure should lead to further insight into the molecular coupling of pLGICs with their membrane environment.
at TTU-HEALTH SCIENCES CTR, on March 5, 2013 www.jbc.org Downloaded from (Fig. S2). (B) Infrared spectra recorded after 72 hours equilibration in 2 H 2 O at 4 o C from (i) aso-GLIC, (ii) EcoLip-GLIC, (iii) PC-GLIC, (iv) asonAChR, and (v) PC-nAChR. The left column shows the secondary structure sensitive amide I band both before (grey traces) and after resolution enhancement (black traces)(intensity scaling arbitrary). The right column shows the amide II band in each spectrum. The relative intensity of the amide II vibration is best assessed relative to the intensity of the adjacent broad peak between 1560 and 1600 cm -1 , due to aspartic and glutamic acid residues. All presented spectra are the average of several spectra recorded from at least two different purification/reconstitutions. (Table 1 )(see supplemental information of (11)). The Boltzmann slope decreases with increasing cooperativity of unfolding. The elution profiles of MBP-GLIC (top set of traces) or GLIC (bottom traces) from an SEC column. In both cases, MBP-GLIC was affinity purified on an amylose affinity resin. The MBP-GLIC was eluted using maltose, while GLIC was eluted after cleavage of the MBP-GLIC linker with thrombin. The affinity purified proteins were concentrated and then passed through the SEC column leading to the elution profiles shown in black. In the top set of traces, the red trace ~13 mls corresponds to purified MBP-GLIC, the purple trace at ~15 mls corresponds to an endogenous E. coli protein that binds to the amylose resin, and the purple trace at ~17 mls corresponds to MBP. In the bottom set of traces, the red trace at ~15 mls corresponds to purified GLIC. 
